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Precise	Neutrino-Hadron	Interac.ons	
	
						Among	the	topics	to	be	covered	today	will	be	
	
							A	historical	reminder	how	this	topic	developed.	
	
						Pion	produc.on	at	small	Q².	
	
						Coherent	pion	Produc.on.	
	
							Searches	of	new	neutrinos	in	the	SBLν	with	light	masses		
																								m	<	Mev/	c².	
		
	
					



Coherent	pion	produc.on	





From	Minerva	





•  Descrip.on	and	condi.ons	for	coherent	Pion	
Produc.on	in	Neutrino	ScaVering		(CπνNS)	

									i.	Polariza.on	Vectors.	
								ii.	PCAC.	
							iii.		Coherence.	
							iv.		A-dependence.	
								v.		Using	Carbon	data	instead	of	Nuclear						
model.	



		
•  The	lepton	current					
	

				Jρ	=					
			
				has	three	helicity	|1,	λ	>	polariza.ons		with		qμJμ	=0	,	
									and	a	scalar	component	propo.onal	to	qμ	.	
	
For		CπνNS		the	dominant	polariza.on	is	εμ(λ=0).	
I	follow	this	in	order	to	include	the	muon	mass	at	low	energies.	
	
	
		

		





Coefficients	of	polariza.on	tensor	
	Lμν	=	Jμ	x		Jν	

	KμK‘ν	+	K‘μKν	-	gμν	K*K‘	+i	εμναβKαK‘β	
														=		Loo	εμ(0)εν(0)	+	…….	







Factor	Loo	for	Paschos+	Schalla	vs	Berger	
Sehgal	







				

																							or	beVer						|t|	<	1/R² 



											





Summary	of	Condi.ons	

•  PCAC		requires		Q²	=	0	(m	²π);		a	few	m	²π		.	
			this	is	sa.sfied	by	introducing	a	form	
factor	F(q²)		=	MA²/(Q²	+	MA²)	

•  Loo	εμ(0)εν(0)	dominance		ν²	>>	Q²	
•  Coherence	|t|	<	1/R²	and	large	
exponen.al	decrease	

•  Checking	the	A	dependence	





Coherent	for	CC	and	NC	reac.ons	







Charged	current	differen.al	cross	sec.on	

Eν= 1G eV Eν= 1G eV

Eν= 1 GeV Eν= 10 GeV





Cross	sec.ons	



Development	of	the	state|νe(t)>		

									|νe(t)>	=	ΣιUeιφι(t)	=	Ue1φ1(t)	+	…..	=		
				Ue1		{U1e|νe>	+	U1μ|νμ>	]	+…+		V1N|NR>}	exp(-
iE1t)	+	……	exp(-iE2t)			+	…….	

			In	the	.me	development	of	each	flavor	state,	
the	lowest	mass	eigenstate	brings	in		
components	of	the	new-flavor	states.		From	
the	reactor	anomaly	we	es.mate	

												V1N		~		0.10	is	possible	



Several	anomalies	suggest	new	sterile	
neutrinos	





	New	interac.ons	

•  N	μ	+	e	à	μ-		+	ν		(an.neutrino	beam)	

			Nμ	ͨ	+	p	-->	μ+		+	n	
			Nm	+	Nucl.			à		Nm		+	Nucl.		(Anapole	FF)	
											Nm	+	e	à		Nm	+	e	



Down	stream	the	muon	neutrinos	
develop	small	components	of	the	

other	and	the	new	states.	

•  									PeN	=	



Kosmas	et	al.	arXiv:1710.00295	



arXiv:1710.00295;	Keloth	et	al.	(L.	
Suter	and	R.	PlunkeV	---Fermilab)	



Summary	

a.  Coherent	pion	produc.on	is	a	rare	but	interes.ng	
reac.on	that	may	help	other	inves.ga.ons.	

b.	There	are	s.ll	open	issues	to	understand:	the	
modelling	of	the	Q²	-	and	the	A-dependence.	

c.  dσ	/(dQ²	dν	)	are	more	informa.ve	
d.  The	.me	development	of	the	known	neutrinos	have	

components		of	heavy	flavors	(	sterile	and	
Majorana,	...)	which	are	inves.gated	in	recent	
ar.cles,	especially	for	the	promising	neutrino	
program	at	Fermilab.	
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END	

•  Thank	you	!	



Anatomy	of	cross	sec.ons	

•  σdis											=	0.65x10-38		Eν	(Gev)	cm2	

												for	Eν=	10	GeV		:	6.5x10-38	cm2	

		
				σqe							=	0.50x10-38	cm2	

•  	σ	(Δ)					=	0.60	x10-38	cm2	

•  σ(coh,π)	=(1.0	to	3.0)x10-40	cm2		/Nucleus	

		





















Cross	sec.on	at	small	Q^2	

•  Cross	Sec.on	with	zero	helicity	and	
longitudinal	polariza.on.	The	formula	is	exact	
without	transverse	polariza.ons.	




